Abstract Robust measurements of porous-medium tortuosity are one of the many components needed for accurate characterization and prediction of fluid flow and contaminant transport in the subsurface. A gasphase diffusive tracer-test method is evaluated for the in-situ measurement of tortuosity in the vadose zone. This technique presents an alternative to employing widely-used correlations to estimate tortuosity. A small-scale field study was conducted using a single well and a non-reactive gas-phase tracer (sulfur hexafluoride; SF 6 ). Gas samples were collected from the injection point periodically after tracer injection into the soil matrix. An effective radius of influence of 50 cm was determined for the tests. An analytical solution was calibrated to the measured temporal concentration distribution, producing a fitted value for tortuosity. The value obtained from the tracer tests was compared to values estimated with several widely-used correlations. The value obtained from the tracer tests was generally larger than the values estimated with the correlations, which spanned a relatively wide range. The tracer-test method provides a means by which to determine in-situ measurements of tortuosity, allowing for better characterization of contaminant transport in the vadose zone.
Introduction
Robust measurements of porous-medium tortuosity are one of the many components needed for accurate characterization and prediction of fluid flow and contaminant transport in the subsurface. Several methods exist for measuring or estimating tortuosities for unsaturated porous-media systems, including laboratory methods, empirical relationships, and field methods (e.g., Lai et al. 1976; Weeks et al. 1982; Reid et al. 1987; Moldrup et al. 1997 Moldrup et al. , 2000a . In-situ measurement of physical properties is generally considered to provide more representative results than laboratory-measured values for field-scale applications.
A variety of methods have been used for in-situ characterization of subsurface physical properties. The use of gas-phase tracer tests is one approach that is especially useful for characterizing relatively large spatial domains in the vadose zone. Prior efforts employing gas-phase tracer tests have focused on in-situ measurement of effective diffusion coefficients, soilwater content, and organic-liquid saturation (e.g., Lai et al. 1976; Jellick and Schnabel 1986; Johnson et al. 1998; Nelson et al. 1999; Deeds et al. 1999; Mariner et al. 1999; Hers et al. 2000; Werner and Höhener, 2002; Brusseau et al. 2003; Carlson et al. 2003; Keller and Brusseau 2003; Werner and Höhener, 2003; Werner et al. 2004 Werner et al. , 2005 . The objective of this work was to evaluate the use of a gas-phase tracer-test method for in-situ measurement of tortuosity.
Materials and Methods
There are several ways in which tracer tests can be implemented, varying in the methods of injection, extraction, and sampling (e.g., Brusseau et al. 2003) . The simplest configuration involves a single well, wherein the tracer is injected and extracted from the same well. A single-well test can be completed under advective (e.g., push-pull test, vertical-circulation test) or natural gradient (e.g., diffusive test) conditions. Single-well tests are generally less expensive than multi-well tests and have smaller sampling volumes. Thus they may be of interest for certain conditions. The single-well diffusive tracer test method was employed in this study.
This study was conducted at the University of Arizona West Campbell Field Facility. The sandy loam soil (Gila Sand) at the site has a sand, silt, clay distribution of 59, 32, and 9% by mass, respectively (Musil, 2004, personal communication) . A single well was installed at the site for this study. The well casing was constructed of 5.08-cm inner-diameter schedule 40 PVC, connected to a 5.08-cm inner-diameter schedule 40 PVC screen (0.25-mm (0.01-in.) slot). The screened interval was isolated from the remainder of the well casing with a separator fitted with stainless steel connectors to accommodate tubing for tracer delivery. Stainless steel tubing (0.32-cm inner diameter) was connected to each side of the separator, with one section terminating at the top of the casing and one within the screened interval. A stainless steel diffuser (0.94 × 2.36-cm, 10-micron pores) was connected at the end of the lower section of tubing and positioned in the middle of the screened area of the casing. The bottom of the casing was fitted with a cap. The casing was installed to a depth of 1.2 m below ground surface, with the screened interval between 0.6 and 1.2 m below ground surface ( Fig. 1) . The dead volume of the tubing was 5.6 mL, and the volume of the screened-interval portion of the well casing was 1.2 L. Gravimetric moisture contents were measured for soil-core samples collected (using a hand auger) from the injection well borehole prior to Test 1. Similarly, gravimetric moisture contents were measured for samples collected 0.3-m from the injection well prior to Test 2. Soil cores were collected from three depths (81 cm, 102 cm, 122 cm). Mean volumetric soil moisture contents (θ w ) of 0.14±0.03 and 0.15±0.03
were measured for Tests 1 and 2, respectively. Total porosity (θ T ) within the test domain was determined to be 0.434 using
, where ρ b is bulk density and ρ d is particle density. A bulk density of 1.5 g/cm 3 was determined by gravimetric analysis using core samples collected from the injection-well borehole. A particle density (ρ d ) of 2.65 g/cm 3 was used to represent a typical unconsolidated alluvium.
Sulfur hexafluoride (SF 6 ) was used as the conservative gas-phase tracer. Relevant properties of SF 6 are reported in Table 1 . The input concentration of SF 6 was approximately 2 mg/L, for which potential density-related effects should be minimal. The tracer was obtained from Spectra Gas and was contained in a high pressure cylinder. Tubing was connected to the cylinder and tracer was injected into the screened m is a fitting constant [m=6 for sieved and re-packed soils; m=3 for undisturbed soils] a values determined using m=3 (undisturbed)
b from Weeks et al. 1982 c from Moldrup et al. 1997; and included in Moldrup et al. 2000a (undisturbed soils) d from Moldrup et al. 1997; and included in Moldrup et al. 2000b (re-packed soils) e modified from Moldrup et al. 1997; reported in Costanza-Robinson and Brusseau 2002 interval directly from the cylinder (Fig. 1) . A thirdstage regulator was used to control the flow, which was measured using a digital flow meter. The volume of gas injected was determined by injecting at a specific flow rate for a determined amount of time. Approximately 1.2 L (i.e., 1 well-casing volume) of the tracer was injected for each tracer test. The tracer was assumed to mix uniformly and instantaneously within the closed chamber relative to the total time of the test. Gas samples were collected from the injection point within the chamber to determine the decrease in tracer concentration with time due to diffusion into the soil matrix. For Test 1, a total of seven samples were collected, with 30 min intervals for the first 2 and 1-h intervals for the remainder of the 4-h test. For Test 2, a total of eight samples were collected with 30 min intervals for the first 3 and 1-h intervals for the remainder of the 4-h test. Before each sample was collected, 6 mL of gas was purged from the system using a 2.5-mL gas tight syringe. A 0.5-mL sample of gas was then collected and injected into a 21-mL headspace vial. Samples were placed in a cooler with blue ice for transport to Praxair (Tucson, Arizona) for analysis. The samples were analyzed using a HewlettPackard 5890 gas chromatograph, equipped with an electron capture detector (ECD). The quantifiable detection limit for SF 6 was 0.1 μg/L.
The results of the diffusive tracer tests were analyzed assuming radial diffusion from a cylindrical finite source into an infinite medium, which is described by the following equation:
where C is the gas-concentration of the tracer, D e [D e =τ θ a D 0 ] is the effective gas-diffusion coefficient, τ is the tortuosity, θ a (=θ T −θ w ) is the gas-filled porosity, D 0 is the molecular diffusion coefficient in air, r is the radial distance from the injection source, and t is time. The following analytical solution was used to solve Eq. 1, assuming that concentrations were measured at r=0 (Crank 1956 ):
where C i is the gas-phase tracer concentration, C 0 is the initial gas-phase tracer concentration at injection, and a is the radius of the well casing. Eq. 2 was solved under the following boundary and initial conditions:
Analysis of tracer transport as described above was based on an assumption of radial diffusion, treating vertical diffusion contributions as minimal. An analytical solution incorporating a spherical source (vertical component of diffusion) was also tested. This analytical solution produced poorer fits to the measured data in comparison to the cylindrical-source solution, with root mean square errors three times larger than those obtained for the cylindrical-source solution.
The analytical solution was calibrated to the measured diffusion dissipation profiles, producing a fitted value for tortuosity by minimizing the sums of the squares of the differences between simulated and measured values. The use of the simple approach described above is based on treating the system as homogeneous with respect to spatial distributions of material properties. This, in combination with the use of the single-well tracer-test approach limits the Observed Concentration Simulated Concentration RMSE = 0.013 Fig. 3 Observed vs. simulated concentrations for Test 1 and Test 2 dissipation profiles; simulations obtained using cylindricalsource analytical solution characterization of spatial variability of tortuosity. As a result, the tortuosity value obtained from analysis of the tracer-test data will represent a measurement integrated across the entire domain affected by the tracer test. The tortuosity values obtained from the tracer tests were compared to values estimated with several published correlations ( Table 2) . Confidence intervals for the estimated values were obtained by using the uncertainty associated with the measured soil moisture contents to calculate upper-and lowerlimit values of θ a .
Results and Discussion
The tracer dissipation profiles for Tests 1 and 2 are presented in Fig. 2 . The temporal concentration profiles are similar, demonstrating method reproducibility. The dissipation profiles are characterized by an initial sharp decline in tracer concentration, followed by an asymptotic decrease, as would be expected.
The analytical solution was calibrated to the normalized SF 6 concentration data, from which a tortuosity value of 0.36 (±0.04) was determined. The same tortuosity value can be used to successfully simulate both data sets (Fig. 2) . A good match was obtained between the measured data and the model simulations, producing root mean square errors (RMSE) of 0.005 and 0.013 for Tests 1 and 2, respectively (Fig. 3) .
Using the fitted tortuosity value, an effective radius of influence was estimated for the tracer tests by using an analytical solution (Crank 1956 ) to simulate the spatial concentration distribution at the end of the tests. The effective radius was determined to be approximately 0.5 m for both experiments. Based on this, the effective measurement domain for the tracer- tests was approximately 0.8 m 2 . Assuming a radius of 5 cm for the borehole and adjacent disrupted region, the borehole area represents approximately 1% of the measurement domain, and thus should have minimal impact on the overall test results.
The tortuosity value obtained from the tracer tests is compared to values calculated with several correlation equations (Table 2) , using parameters determined for the field site (total porosity θ T , air-filled porosity θ a , water-filled porosity θ w ). The values obtained with the correlation equations span a relatively wide range. The tortuosity values obtained with the correlation equations are compared to the tracer-test value in Fig. 4 . The majority of correlation-obtained values are smaller than the tortuosity obtained from the tracer tests. However, the confidence intervals for six of the calculated correlation-derived values overlap the confidence interval of the tracer-determined value ( Table 2) . The tortuosities estimated with the WLR-Marshall correlation are the only ones for which the mean values fall within the confidence intervals associated with the tracer-determined tortuosity.
The use of a gas-phase diffusive tracer test method was demonstrated for in-situ measurement of tortuosity in the vadose zone. This method is relatively simple and has the advantage of providing in-situ measurements of tortuosity. Such measures would be expected to be more representative than values obtained from laboratory tests or the use of correlation equations.
